The first satellite observations of the total field-aligned component of the quasi-dc Poynting flux are presented for two passes over the polar region, one in the noon sector and one in the afternoon. The energy input due to electron precipitation is also presented. In the noon pass the downward Poynting flux in the auroral oval was comparable to the kinetic energy input rate. The peak electromagnetic energy input rate of 6 ergs/(cm 2 s) equaled the peak particle input while the integrated electromagnetic value along the trajectory was 60% that of the particles. In the afternoon pass the peak electromagnetic energy input was also about 6 ergs/(cm 2 s), but the peak particle energy was 6 times this value. The average electromagnetic input was 10% of the particle input for the pass. In this study we can measure the Poynting flux only over a limited range of scale sizes; thus the contribution to the total energy budget in the polar cap cannot be determined. Both passes show small regions characterized by upward Poyntiag flux suggesting a neutral wind dynamo. There is also evidence during part of the noontime pass that the external generator acted in opposition to an existing wind field since the Poynting flux was greater than the estimate of Joule heating from the electric field measurement alone (i.e., from •pE2). In the course of deriving Poynting's theorem for the geophysical case we also present a proof that ground magnetometer systems respond primarily to the Hall current which does not depend upon geometric cancellation between the field generated by Pedersen and field-aligned currents.
INTRODUCTION
Energy input to the Earth's atmosphere due to the interaction between the solar wind and the magnetosphere occurs primarily at high latitudes. Kinetic energy is deposited through the precipitation of energetic particles and electromagnetic energy is dissipated via Joule heating. Satellitebased comparisons of the two forms of energy input show they are similar in magnitude. For example, Doyle et al. [ 1986] showed that during one particular pass of the HILAT satellite that the energy dissipated as Joule heat was 2.6 times larger than the particle energy deposition. Either energy source can dominate the other at a given location and local time. In fact, Vickrey et al. [1982] showed that, although the daily averages of the energy flux from particles and Joule heating are comparable in the auroral oval, there is a tendency for the two to be anticorrelated. Based on Chatanika incoherent scatter radar measurements, those authors found the morning sector (westward electrojet) particle energy deposition rate to be generally larger than that in the premidnight sector eastward electrojet. The Joule heating rate has the opposite asymmetry about midnight. This tendency for anticorrelation is easily understood. Where the particle flux is relatively hard, as it is in the morning sector as compared to the evening sector, ionization is produced at lower altitudes. Because the Hall mobility peaks at a lower altitude than the Pedersen mobility, the morning sector currents have a greater tendency to flow in Copyright 1991 by the American Geophysical Union.
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Q ! 48-0227/91/90JA-01837505.00 : the Hall, rather than the Pedersen direction. Because Hall currents flow in a direction that is orthogonal to the electric field, they are by definition nondissipative. On a global scale, however, Joule heating is thought to be larger than particle energy deposition because it is spread over a wider range of latitudes. In the summer polar cap, for example, when B z is southward, considerable Joule heating occurs while almost no particles precipitate.
Measurement of particle energy flux is straightforward and is regularly performed by polar orbiting spacecraft. The electromagnetic input, on the other hand, is not routinely monitored and its estimation usually requires severe apProximations such as neglect (or very simplistic modeling) of the atmospheric wind [e.g., Vickrey et al., 1982] . In this paper we show that the electromagnetic energy flux into the atmosphere can be reliably measured remotely by polar orbiting spacecraft at altitudes in the range 400-1000 km by complete determination of the vertical component of the Poynting flux, and we present two examples of its measurement on the HILAT satellite. Since this measurement is of a local quantity, no assumptions are required concerning the relative orientation of the spacecraft velocity and current sheets such as are needed in determination of Birkeland currents. Moreover, knowledge of the neutral winds, the ionospheric conductivity, and conductivity gradients are not necessary for the measurement of the energy input. The concept of the Poynting flux as a diagnostic tool in the study of time-varying electromagnetic waves is well established. As discussed by Feynman et al. [1964] , under certain circumstances the Poynting flux provides a valid conceptual measure of energy flow even for steady or dc electric and magnetic fields. A brief derivation and a discussion of the concept as applied to geophysical systems are given in the appendix where we show that a local measurement of (Eñ x t$Bñ)//x0 at typical ionospheric satellite altitudes yields the local electromagnetic power input to the Earth's atmosphere. It is important to note that no geometric assumptions are necessary to find this quantity, unlike those required to determine, say, Jll from magnetic field measurements along a trajectory (which can yield only part of one component of V x B). It is also true that the Poynting flux yields the correct energy input even if a neutral wind is present in the ionosphere, which is almost always the case. In fact, if, as has been suggested, a "flywheel" effect occurs such that accelerated neutral winds maintain the circulation of plasma during decaying magnetic activity, then the Poynting flux will be upward. A detection of upward Poynting flux would be unambiguous evidence for such a flywheel effect.
We can also compare the usefulness of Poynting flux as a diagnostic tool to measurements of the correlation between the electric field along the satellite trajectory and the magnetic field across the trajectory. Such correlations are sometimes excellent [e.g., Sugiura et al., 1982] and sometimes not so good [Smiddy et al., 1980] . These authors point out that assuming that the current sheets are perpendicular to the trajectory and that the ionospheric conductivity is uniform, the change neutrality condition V ß J = 0 implies 
APPLICATIONS OF THE TECHNIQUE
In this section we present two examples of Poynting flux measurements in the high-latitude ionosphere. The instruments used were not optimized for measurement of this parameter and yet the results are quite reasonable. We believe that they support the theoretical discussion given in the appendix and hope that other researchers pursue this concept with more sensitive instruments and better behaved measurement platforms. To give some perspective we can estimate the total power into the entire auroral oval region by assuming that the energy input is independent of local time. This yields 7.9 x 10 •ø W. This value is a lower limit since we cannot determine the Poynting flux at the largest scales.
The second panel in Figure 2 is the field-aligned current derived from the usual assumptions which have been used to derive the region 1/region 2 current patterns. Because a derivative is required some smoothing has been necessary. We now argue that the cross product of these two quantities gives the local value of the energy flow rate into the atmosphere. Consider an infinitesimal element of the surface S l and the volume it subtends between S l and the Earth. 
